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INTRODUCTION TO GENE THERAPY APPROACHES 

Many diseases have become a target for somatic gene therapy, including acquired, 
multifactorial diseases such as cancers, arthritis and AIDS as well as genetic disorders such 
as cystic fibrosis and Duchenne muscular dystrophy (Anderson, 1992; Ledley, 1993a, b: 
Ledley, 1994a, b; Anderson, 1995; Hodgson, 1995). Gene therapy methods have been 
designed to introduce genetic information into n patient's cells to enable these cells to 
produce beneficial proteins to correct or modulate a disease. Different biological targets 
and pathologies will require different gene therapy methods. These methods arc intended to 
overcome some limitations associated wilh the clinical use of protein drugs, including low 
bioavailability, poor pharmacokinetics or cost of manufacture. 

Over the past few years, rapid progress in mapping of the human genome associated 
with major advances in controlling the delivery and expression of therapeutic genes in vivo 
has enhanced the promise of gene therapy. Several methods for transferring genes to a 
patient's cell have been explored over the last decade (Miller, 1992: Kay et al.. 1993; 
Culver and Blease, 1994; Glorioso et al., 1994: Ledley, 1995; Rolland and Tomlinson, 
1996). Each of these methods offers distinct clinical opportunities and risks as well as 
potentials for commercialization. They include the use of: (/) cells, genetically modified ex 
vivo with viruses or other gene-transfer methods prior co their re-introduction into the 
patient's body, (ii) modified viruses, based for instance on replication-defective retroviruses, 
adenoviruses and adeno-associated viruses, and (lit) DNA plasmids, formulated using 
synthetic delivery systems for direct in vivo administration. 

Early approaches used modified viruses or implanted cells to transfer genes into the 
body. Since the first clinical trial In gene therapy in 1990 (Culver and Blaese. 1994), 
involving an ex vivo approach in which retroviral vectors were used to introduce the 
adenosine deaminase gene into the white blood cells of patients suffering from severe 
combined immunodeficiency (SCID), there has been a lot of excitement and hope about the 
potential of these approaches for treating a broad variety of diseases. As a consequence, 
most of the U.S. RAC (Recombinant DNA Advisory Commit tcc)-approvcd clinical trials 
(involving about 600 patients in more than a 100 clinical studies) are based to date on cell- 
and virai-mediatcd approaches. However, despite the promise of the first gene therapy • 
clinical trial, concerns have been raised about the safety and efficacy of cell- and viral- 
mediated approaches for the treatment of other diseases, including cystic fibrosis, muscular 
dystrophy and familial hypercholesterolemia (Marshall, 1995). A recent ejLyiyo gene 
therapy clinical trial for muscular dystrophy failed to show improvement in muscle strength 
of the boys afflicted' with the genetic disorder (Mendel I et al., 1995). Similarly, a complex 
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and invasive procedure in five patients with familial hypercholesterolemia, involving partial 
hepatectomy, stable transduction of isolated hepatocytes with the gene encoding the low 
density lipoprotein receptor and transplantation of the autologous, modified hepatocytes via 
portal vein injection, failed to produce significant clinical benefit (Williams, 1995). 

Other recent clinical data in cystic fibrosis patients treated with adenoviral vector 
containing the gene coding for the cystic fibrosis transmembrane conductance regulator 
protein (CFTR) have also been disappointing (Knowles et al., 1995). Due to their natural 
ability to infect cells efficiently, several viruses, such as retrovirus, adenovirus and adeno- 
associated virus, had been investigated for in vivo viral-mediated gene delivery (Miller, 
1992; Rosefeid et al., 1992; Kay ct al., 1993; Glorioso et al.. 1994). Each of these has 
different biological properties. Retroviral vectors can introduce genes permanently into 
somatic cells by integration into patient's chromosomal DNA. Retroviruses only infect 
replicating cells. Thus, the resultant permanent integration of therapeutic genes minimizes 
the ability of the physician to modify or terminate the therapy in response to any adverse 
side-effects or cure of the disease. Besides, the permanent integration of genes into host 
chromosomes may result in activation of oncogenes or inactivarion of tumor-suppressor 
genes. Adenoviruses efficiently infect non-dividing cells and do not integrate genes into the 
host genome. However, safety concerns have been raised in clinical trials about the 
immune and inflammatory responses triggered by adenoviral vectors. These events would 
be a severe limitation in the repeated administration of genes using adenoviral vectors. In 
addition, even though viruses are designed to be replication-defective, there is a potential 
risk of generating an infectious, replication-competent virus during die production or use of 
viral vectors for gene transfer. 

The direct in_yiyo administrarion of genes to patients using non-viral technologies, to 
cause the controlled production and distribution of Therapeutic proteins within the body, 
would represent an in>.nl approach for clinical practice. Plasmid-based gene" medicines arc 
designed to control the location and function of administered therapeutic genes within the 
patient's body (Ledley, 1995; Tomlinson and Holland, 1996; Holland and Tomlinson. 1996). 
Gene medicines, that consist of both a DNA plasmid-based gene expression system 
containing a therapeutic gene and a synthetic gene delivery system, represent a potentially 
safe and effective gene therapy method for the treatment of a wide variety of acquired and 
genetic diseases. The successful development of plasmid-based gene medicines will also 
require a cost-effective, robust and reproducible manufacturing process.. These bio- 
pharmaceutical products will have to be stable upon storage, preferably as a single vial 
preparation. 



PLASMID-BASED GENE MEDICINES 

CJcnc medicines arc designed to be administered to a patient by conventional routes 
using convenient methods such as direct injection into target tissue (e.g.. muscle, tumors), 
inhalation or intravenous injection. These semi-synthetic products are intended to have low 
toxicity due to the use of synthetic material for gene delivery and non-integrating plasmids. 
Plasmids degrade within the body, leading to a finite duration of gene expression. At the 
doses applied, plasmids do not appear to integrate into host chromosomes. Thus, they 
would neither activate oncogenes nor inactivate tumor suppressor genes. Such favorable 
properties of gene medicines may enable a physician to control gene- dosing regimens 
according to therapeutic needs. 

Modern advanced drug delivery, that includes a better understanding of (patho)- 
physiology, cell and molecular biology, teaches that each biological target for gene therapy 
would require a specific gene delivery and expression system. The development of target- 
specific non-viral gene therapies requires the combination of a synthetic. gene delivery 

system designed to deliver the therapeutic gene to a specific target cell and a gene 
expression system that controls gene function within cuch target cell. 

Gene delivery systems are designed to control the location of a gene within the body 
*DARV by effecting the distribution (D) and access (A) of the gene expression system to 
the target cell, and/or recognition (R) by a cell-surface receptor followed by intracellular 
trafficking and nuclear translocation (T) . A synthetic gene delivery ays tern should serve 
both to protect a gene expression system from premature degradation in the cxtracellular 
milieu and to effect adequate non-specific or cell-specific delivery to a target cell. Other 
elements in a gene delivery system may facilitate the intracellular trafficking of a gene 
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expression system (Table 1). 

Plasmid-based gene expression systems contain a therapeutic gene and other DNA 
sequences to control the in vivo production of a protein *ACV , Le.» gene expression and 
protein secretion. They may contain genetic sequences that control the amount (A) of 
transcripts and consequently produced protein, the cell- (C) t or eventually die disease-, 
specific activation of gene expression and the timing (T) of protein production. Such 
sequences may include cell-specific promoters and enhancers to cause the expression of the 
therapeutic gene to be restricted to specific sites within the body (Sellheyer et al., 1993; 
Coleman et at., 1994). They may also contain transcript stabilizers that increase the 
chemical stability of transcribed messenger RNA and consequently the level and duration of 
production of a gene product (Schwartz ct al., 1994). Persistence elements may need to be 
incorporated into some gene expression systems to prolong the production of therapeutic 
proteins in specific tissues. Additional genetic sequences can be used to control the 
secretion of a gene product from the ceils. Gene switches can also be introduced in a gene 
expression system to enable the function of an administered gene to be activated using low 
molecular weight drugs (Wang ct al.. 19^4). TTiese con be designed to be cell-specific. 
Such gene- switches would enable the physician to control expression of a therapeutic gene 
in the patient's body, by turning it on and off with specific drug molecules. 

Table 1: Control of gene location and function by plasmid-based gene medicines 



Gene Delivery System 
'DART' 



Gene Expression System 
"ACT* 



Distribution 
dispersion 
retention 
protection 

Access 

condensation 
non-specific uptake 

Recognition 

cell-specific targeting 
receptor-mediated uptake 

Trafficking 

endosomal release 
nuclear localization 



Amount * 
efficient transcription 
RNA processing and stabilization 
drug control 

Cell 

cell-specific 
disease-specific 

Timing 

drug control 
episomal replication 



Gene medicines can be considered as in vivo protein production platforms for a 
variety of therapeutic proteins, including those having an autocrine effect (e.g., LDL 
receptor), a paracrine effect (e.g., insulin-like growth factor 1) or an endocrine effect (e.g., 
factor VIII). 

A fundamental challenge for the effective delivery of plasmid-based gene expression 
systems to a target tissue is the control of the surface and colloidal properties of plasmids in 
a biological environment. Plasmids are colloidal systems of varying size, as determined by 
several experimental techniques including dynamic light scattering. For example, plasmids 
of less than 10,000 base pairs have a mean size <200 nanometers (Figure I). Plasmids arc 
also yery hydrophilic molecules. They have a highly negative surface charge. It is 
apparent that the colloidal and surface properties of plasmids determine their biological 
distribution, cellular uptake, and intracellular trafficking and nuclear translocation (Ledley 
and Ledley, 1994; Lew et al., 1995; Liu et al., 1995; Thierry et al., 1995; Zabner et al. t 
1995). Due Lo their colloidal nature, hydrophilicity and highly negative surface charge, 
plasmids do not efficiently cross intact biological barriers such as continuous endothelium, 
keratinized epithelium, mucosal epithelium or blood-brain barrier. In addition, die 
penetration of DNA plasmids into cells without transient permeabilization of die plasma 
membrane and/or disruption of the endosomal membrane, represents a very ineffici nt 
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Fig. I. Hydrodynamic diameter of DNA plasmids with different molecular weight 
estimated by dynamic light scattering (theoretical computation based 
on the Porod-Kratky model, with a DNA persistence length of 50 nm). 



process. Their diffusion through extracellular matrices, such as the connective tissue in 
skeletal muscle, is also very limited. 

It is postulated char gene delivery systems that control the chemical and biological 
stability of plasmids as well as their colloidal and surface properties can lead to enhanced 
delivery of plasmids to cells in vivo. The application of advanced drug delivery principles 
and technology to gene therapy provides a basis for the development of non -viral gene 
therapies that are being examined in the clinic at an increasing rate. 

This contribution describes the development of several non-viral technologies; with an 
emphasis on the control of the location of administered genes in several tissues, including 
skeletal muscle, pulmonary vascular endothelium and heparocytes, after direct intramuscular 
administration, inhalation and intravenous injection, respectively. The design and 
development of synthetic gene delivery systems that effect the in vivo distribution, access, 
recognition and intracellular u af ticking *DART of a gene expression system is exemplified. 
Control of the 'distribution' , i.e., protection, dispersion and re tendon of a gene expression 
system in a target tissue is illustrated by the use of interactive polymeric gene delivery 
systems that enhance the delivery of genes to muscle cells after their direct intramuscular 
administration. Modulation of the ''access' of gene expression systems to a target tissue is 
exemplified by the use of self-assembling systems based on cationic polar lipids. The 
characterization of the resulting particulate gene medicines is reported, as is the influence of 
their physicochemical properties on the efficiency of gene delivery. This contribution also 
describes approaches to effect the 'recognition' of targeted gene delivery systems by 
specific cells using targeting iigands bound to cationic carriers, in particular glycopep tides. 
The intracellular * trafficking* of a gene expression system to die nucleus of a target cell» in 
particular by using synthetic amphipathic peptides to control the cndosomal release of 
plasmids is also reported. 



CONTROL OF PLASM ID DISTRIBUTION IN MUSCLE 

A few years ago, the direct injection of DNA plasmids in isotonic saline into muscle 
had been found to result in die uptake and gene expression in muscle cells (Wolff et 
al.,1990, 1991, 1992a, b; Acsadi ct a!., 1991; MauLhorpe et al., 1993). However, the 
intramuscular administration of unformulated plasmids (so-called 'naked DMA') results in . . 
low levels of gene uptake and expression (Jiao et al., 1992; Ulmer et al., 1993; Davis et al., 
1993a, b; Raz ct al., 1993; Levy er. aL, 1994). Only a very small fraction of the injected 
plasmid is taken up by a small number of muscle cells (< 1%). The cellular uptake of 
plasmids from an isotonic saline formulation is a saturable process that results in very low 
and highly variable levels of in vivo production of therapeutic proteins. 

We have designed and developed gene delivery systems that control the distribution of 
gene expression systems in muscle tissue after their direct intramuscular administration and 
consequently enhance their cellular bioavailability (Mumper ct al., 1995b; 1996). Such 
systems result in a significant increase in the steady-state levels of both reporter and 
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therapeutic genes expressed in muscle as compared to gene expression systems injected in 
isotonic saline. These synthetic gene delivery systems result in high and reprfxluciblc levels 
of gene expression in muscle for s vera! weeks. They provide opportunities, for example, 
for the treatment of both muscl and peripheral nerve disorders as well as for the sustained 
production and systemic secretion of therapeutic proteins and antigens. 

These interactive colloidal polymers include polyvinyl derivatives that interact with a 
DNA plasmid via hydrogen bonding and hydrophobic interactions. We hav demonstrated 
that polyvinyl pyrrolidone and polyvinyl alcohol interact with plasmids through hydrog n 
bonding. Dynamic dialysis, FT-IR and microtitration calorimetry studies have been used to 
characterize the interaction between polyvinyl derivatives and plasmids (Mumper et al., 
1995b; 1996). This interaction results in a significant protection of plasmids from 
nucleases, probably by providing an hydrophobic coating of the plasmid. Polyvinyl 
pyrrolidone-based formulations are hyperosmotic and result in an improved dispersion of 
plasmids lluuugh the exuacellular matrix of the muscle tissue, most likely by increasing 
intercellular spacing. These polymers may also facilitate the uptake of plasmids by muscle 
cells by increasing their hydrophobicity and reducing their net negative surface charge. 
Immunohistochemlcai staining of rat muscle sections after the intramuscular injection of 
either 'naked DNA* or a polyvinyl pyrrol idone-bused formulation of plasmid shows that the 
polymeric gene delivery system sigm ficandy increases the number, as well as the 
distribution, of cells expressing a p-galactosidase gene (Mumper et al., 1995b; 1996). The 
improved tissue dispersion and cellular uptake of plasmids using interactive polymers can 
lead to pharmacological levels of proteins after a single intramuscular injection. Figure 2 
shows the expression of chloramphenicol acetyl transferase in muscle after the 
adnunistratioii of plasmids in various formulations of isotonic polyvinyl pyrrolidone. The 
study demonstrates that maximal gene expression in rat tibialis muscle at 7 days occurs 
using the 5% (w/v) polymer-based system. Up to a 10- fold enhancement of gene 
expression over 'naked DNA' is observed (Figure 2). In addition, intramuscular injection of 
polyvinyl pyrrolidone-based formulations of plasmid results in highly reproducible levels of 
gene expression in contrast to the variable levels generally observed with 'naked DNA*. 

CONTROL OF PLASMID ACCESS TO LUNGS 

A number of approaches have been proposed to concrol the access of plasmids to a 
target cell and enhance their cellular uptake. These include the use of u number of diflcreiu 
types of condensing carriers, such as cationic lipids, charged synthetic polymers and 
peptides that act in a non-specific manner (Feigner et ah, 1987; Feigner and Ringold, 1989; 
Tomalia et al., 1990; Nabel et al., 1990, 1992; Zhu et al., 1993; Haensler and Szoka, 1993; 
Staedel et al., 1994; Boussif et al., 1995; Mumper et al., 1995a). Lipid-based gene delivery 
systems have been widely used for in vitro and in vivo preclinical studies as well as in 
recent clinical trials (Ono ct ai.. 1990; Yoshimum et al.. 1992; Nabel et al., 1992, 1993; 
Philip ct ai., 1993; Alton et al., 1993; Canonico et al., 1994; Conary et al., 1994; Caplcn et 
al., 1994; Thierry et al., 1995; Liu et al., 1995; Lesoon-Wood et al., 1995). 
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Expression of chloramphenicol acetyl transferase in rat tibialis muscle 7 days 
after a single injection of 50 pg of plasmids in isotonic saline or formulated 
with polyvinyl pyrrolidone at various concentrations in isotonic saline (n = 10). 
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Although (pH-sensitive) liposomes, immunoliposorncs and proLeoliposomes are able to 
mediate the transfer of encapsulated gene expression systems into the target cells (Nic lau 
lofr f 1983s J Vfl0g J l ? r . Iuang ' * 987 ' 1989; Gou,d Werite et al.. 1989; NicoZ id Odd 
If^h^H 6 ^ an ? S ^ oka ' 1992: A 2 ino cl aI - 1994; Von Der Le y en et 1^95; Bam et 
al., 1995). the levels of expression that are generally achieved remain low . In addition tlv> 
encapsulation of gene expression systems into liposomes has several limitations, such as* 
low yield of encapsulation and requirement for the separation of free from encapsulated 
plasmid. The ncapsulation procedure may also result in degradation or alteration in the 
structure of the gene expression system. 

As an alternative, caiionic lipids have been used to deliver gene expression systems to 
a variety of tissues in vivo. They reduce the net negative surface chargb of plasmid-based 
gene expression systems, resulting in condensation of plasmids into discrete nanopanicles 
with defined colloidal properties. Such lipids can form stable complexes with cene 
«Pe»uon ■y sh » n » JS 1 ?^ ™? Ringold, 1989; Gao and Huang, 1991; Feigner et al., 1994- 
McLachian et al 1994; Staedel et al., 1994). The neutralization of the negaiive surface 
charge of plasmids is also intended to reduce charge-charge repulsion at the surface of 
biological membranes, thus enhancing plasmid access into the target cells. However to 
enable the plasmid to be released from the endosomes following the endocytic uptake of the 
plasmid/ltpid complex by a cell, additional lipids that can fuse with endosomal membranes 
?S ^ ^ ecc,u chlli1 su 3* est lhal Piasmiqyiipid complexes also need to dissociate 

probably in the endosomes, to allow the plasmid to translocate to the nucleus of the tarecr' 
cell by a mechanism still not elucidated (Zabner er a!., 1995). 

Plasmid/cationic lipid complexes can be prepared as such to have defined 
pnysicochemical properties (size, shape, surface characteristics) (Holland ct al., 1994- Gonir 
et al., 1994). Cationic lipids such as DOTMA (dioleyloxypropylmmethylammonium 
chloride), the first cationic amphiphile specifically designed for gene transfer, have been 
extensively used invitjo and in vivo for gene delivery (Feigner ct ah, 1987; Feigner and 
KgBOld. 1989; Bnshara et al.. 1989; Mabel ei al., 1990; Slribling et ah, 1992;- Zhu et al 
1993). Since the characteristics of a plasmid/lipid complex may both control the bioloE cal 
stabi ity and distribution of plasmid - based gene expression systems lis well as enhance 
™™ A U £ , y uo "-* uedfic adsorpiive mechanisms, the physicochemical properties of 
, TsJ?"^ sc< i. gcne dchvci 7 systems have been evaluated (Rolland ct al., 19947 Ooiip et 
ah. 1994; Tomhnson and Holland, 1996). Table 2 presents some of the colloidal and 
surface properties of DOTMA-based systems and their transfection efficiency in vitro in 
different cell lines. 

As illustrated in Table 2, the physicochemical properties of plasmid/lipid complex s 
can be controlled by adjusting, for example, the ratio of cationic lipid to plasmid. The 
mean diameter of the resulting nanopaniclcs, as determined by dynamic light scattering 
fanner depends on the concentration of formulated plasmid, the method of preparation and 
die chemical suiicnire of the cationic lipid. The surface charge of a plasmid/lipid complex, 
determined by Doppler electruphorettc light scattering and expressed as the zeta poiential of 
the particulate system, can also be controlled by the rario of lipid to plasmid. For instance 
tne zeta potential changes from a negative to a positive value, with a concomitant 



Table 2: Characterization of DOTMA-based gene delivery systems 



Lipid composition Lipid: 
DOTMA :co-lipid plasmii 



Mean 

plasmid ratio Diameter 



(mol %) 



+/-) 



Own) 



Zeta potential 
(mV) 



Transfection 
efficiency in vitro 



DOPE (55:45) 
DOPK (55:45) 
DOPE (55:45) 
DOPE (55:45) 



0.5 
0.8 
2 
3 



173 
217 
218 
182 



- 27.2 

- 26.7 
■i 2L9 
+ 51.6 



109±59 0* 

177+73 0* 

0* 70+47 

0* 142+12 



* below detection limit - -. 

Expression levels of CAT (pg/ mg protein) 48 h after transfection of (a) BEAS 2B lung 
epithelial cells and (b) H1G 82 rabbit synoviocytes, in presence of 10% serum (2 uc 
plasmid; 24-well plate; cell density: 100,000 ; CAT assay: ELISA, Boehringer Mannheim) 
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enhanc ment in complexation efficiency as estimated by gel electrophoresis, by increasing 
the cationic lipid to plasinid ratio (Table 2). The transfection efficiency observed in 
different cell lines is dependent on the net charge of the complex. However, the optimal 
composition of the lipid-buscd system to achieve maximal in vitro gene expression varies 
from cell line to cell line (Table 2). In addition, there appears to be no systematic 
correlation between in vitro transfection efficiency and in vivo gene expression. Additional 
studies will be required to enable in vitro characterization assays to be used to predict the in 
vivo efficiency of lipid-based gene delivery systems. ~~ 

The lung appears to respond well to hpid-mcdiatcd gene transfer. Cationic lipids 
have been used over recent years to deliver genes to the lung of various species, including 




. expression of a 1 -antitrypsin (AA*0 and CFTR 

ui the lung in preclinical studies has led to clinical trials for gene therapy of the genetic 
deficiencies of these proteins, i.e., AAT insufficiency and cystic fibrosis (Yoshirnura et al 
1992; Alton et al., 1993; Hyde ct al.. 1993; Canonico et al., 1994; Logan et aL, 1995). 

Other studies have also shown that DOTMA-based delivery systems whh defined 
colloidal and surface properties were able to uchieve pharmacological effect after 
intravenous injection of a gene encoding the enzyme prostaglandin G/I-l synthase (P G/H 
synthuse) in animal models of pulmonary inflammation (Conary ct al., 1994; Brigham et al, 
1994). A single intravenous injection of a plasmid encoding the P G/H synthase formulaced 
with a DOTMA-based gene delivery system protected rabbits against endotoxm-induced 
pulmonary hypertension. The enhanced access of plasmid/lipid complexes to the lung 
endothelium after intravenous administration may result from the control of the colloidal 
and surface properties of the particles (hydrophobicicy and /eta potential). These defined 
properties may facilitate the ionic and/or hydrophobic interaction of the particles with the 
lung vascular endothelium and this is probably aided by the fact thut the pulmonary 
vasculature is the initial capillary bed encountered after intravenous injection. 

CONTROL OF PLASMID RECOGNITION BY H EPATOC YTiiS 

The cell-specific delivery of gene expression systems involves the use of targeting 
ligands that recognize cell-surface receptors involved in receptor- mediated cell entry. A 
variety of targeting ligands, such as asialogiycoprotein. transferrin, lung surfactant proteins, 
insulin, folic acid and carbohydrates have been conjugated to polypeptides (primarily poly- 
L-lysine (PLL)) which condense plasmid-bascd gene expression systems through ionic 
interactions (Wu et al., 1991; Wagner et aL, 1991; Wilson et aL, 1992; Midoux et al. 1993* 
Gottschalk et aL, 1994; Perales et ah, 1994a, b; Baatz et aL, 1994; Ross et aL, 1995: * 
Erbaeher et aL, 1995; Ding et al., 1995; Ferkol et al., 1996). 

Asialoorosomucoid-PLL/plasmid complexes have been used, for example, to 
establish hepatic expression of reporter genes in normal animals (Wu and Wu, 1988' 
Chowdhury et aL, 1993), low-density lipoprotein (LDL) receptor in LDL-defieicnt rabbits 
(Wilson et al., 1992), albumin in analbumincmic rats (Wu et aL, 1991) and methylmalonyl 
CoA mutase in mice (Stankovics et aL, 1994). Evidence of specific gene delivery to 
hepatocytcs in vivo has been obtained with the use of hepatocyte-specific promoters (Wu et 
aL, 1989) and histological analysis (Chowdhury et aL, 1993). The delivery of piasmids to 
hepatocytes in vivo has also been reported using poly-L-lysine covalcntly coupled to 
galactosyl residues as targeting ligands (Wu et aL, 1991; Wilson et aL, 1992; Wu and Wu 
1993; Stankovics et aL. 1994; Fresc ct aL, 1994; Perales cc aL, 1991a, b). These 
approaches, though successful in obtaining expression of therapeutic genes in animal 
models, present several pitfalls associated with the use of poly-L-lysine which is toxic and 
1ms vimable cjuality. The use of asialogiycoprotein as a targeting ligand also presents the 

risk of inducing an immune response. 

Since the current methods used for producing plasmld-based nanoparticles for 
hepatocyte targeting have limitations, we are developing synthetic glycopeptide-based gene 
delivery systems for the in vivo transfer of gene expression systems to hepatocytes. The 
design of such hepatocyie-specific gene delivery system is based on knowledge of the 
structure and function of the liver and principles of cellular uptake and intracellular 
trafficking of piasmids. The gene delivery system comprises: (i) a galactosylated peptide 
that both condenses the plasmid and enables specific recognition and binding to asialo- 
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Fig. 3. Elements of a glycopepnde-based system for receptor-mediated gene delivery 
l tie transmission electron micrograph shows the toroidal nanoparticles 
(- 100 lira) obtained by self-assembly of plasmids with a galactosylated 
condensing peptide and a pH-scnsitive fusogenic peptide (OM225.1). 

SSlSSK? rece P. tor3 « ™ d <"> an ■mphipathlc. pH-sensirive peptide that enables the 
Smpksm (Hg V ^ % endosomes pnor to ,hcir (asion with lysosomes and to enter the 

fi vn t h M iT hB -rf alaCt °, Sylaled P'~P tides have been prepared using an automated solid-phase 
synthesis. These glycopcptides are based on novel synthetic cationic peptides (-10 amino 
acids) that condense plasmids into monodispcrsc nanoparticles of a diameter oelow 100 
K^ ,Cre < GoUsi:h . al I , k et aL ' '»* Tomlinson and Holland. 1996). Th^ ar« covaSly 
linked to a spacer with no secondary structure that gives optimal distance for i nte™ r, 
the terminal galactosyl ligands of the condensed plasmid with . fte u SycopSi 
rrceptor (Tung et al., unpublished data). Mono-, bi-, rri- and tetra-antennary gaUc rosyl- 
co.idens.ng peptide conjugates have been examined, since the number and clusterine of 
terminal galactosyl residues have been shown to control the affinity between the« fiumdx 
and the asiaJoglycoprntein receptor (Lee et al.. 1983; Monsigny et al.. 1994). THte spSc 
m^r5^ de, . lverv of , a «ene to cells presenting the asiatoglycoproteiS raptor 

(HepQ2 ceUs) using a galactopeptide-bascd gene delivery system has been observed P 
h^r F an . d W«ihwa. persona communication). As compared to a non-specific pepdde- 
S C K n U ; d f llVMy ^? tcm (* llJl out targeting ligand). the hepatocyte-specific galacto? 
pepnde-basedgene delivery system increased significantly the levels of reporter rone 
expression. The receptor-mediated endocytic uptake or the system resulted in a hicher 
magnitude of gene expression for a neutral complex, since for a positively charged one the 
w^h?h C r. C iS« « P . °[ UW: ""EWfcles probably dominated due to the ionic impaction 
with the plasma membrane. These galactosylated peptides are currently being investieatcd 
invivo tor their targeting and gene transfer capabilities. * g lnvesu e atca 

~»n~- • ThC challen .fi e fur effective hepatocyte non-viral gene ilierapy is to produce 

SfflK ^T* Wilh a . diameter be,ow abou ' 100 nanometers ffglve 
C* 1 ? levels of expression This size enables penetration of plasmid complexes 
?7o&* e sin " S0ldal endothelial bamcr of the liver (which has gaps of between 100 nm 
DilJ Th? T d n .°; basem 1 cnt mcmb ™ c Wisse et al.. 1984) and then into the space o? 
Disse The plasmid complexes need then to bind to specific hepatocyte receptors, such as 
^^iS^^S^^!"^ receptor-mediated endocytosis. Thereafter, for an 
efficient plasmid translocation to the hepatocyte nucleus, the delivery system may need to 
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contain a pH-sensitive lytic agem 10 facilitate the release of the p las mid from th 
endosomcs into the cytoplasm as exemplified in the next section. 



CONTROL OF PLASMID INTRACELLULAR TRAFFICKING 
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A current limitation for efficient gene delivery via boih non-specific and receptor- 
mediated gene transfer is an effective exit of a gene expression system from the endosomal 
compartment prior to the fusion of endosomcs with lysosomes. The ability of viruses to 
release their viral genome from endosomes, by either disruption or fusion with endosomal 
membranes, was first explored as a means to improve the intracellular trafficking of 
plasmids. The association of replication-defective adenoviral particles to complexes, such 
as transfemn-PLL/pIasmid (Curiel et al M 1991, 1992; Cotten et al., 1992; Wagner et al., 
1992; Harris et al., 1993), folaie-PLL/plasmid (Gottschalk et al. 1994), or asialo- 
glycoprotein-PLL/plasrnid (Cristiano et al., 1993; Wu et ai. t 1994), for receptor-mediated 
gene delivery resulted in a significant increase in muisfeciion efficiency in vitro. 
Endosomal lysis is mediated by the penton protein on the surface of the virus that 
undergoes a change in terdary structure upon acidification of the endosomal compartment 
(Seth, 1994). This conformational change results in partitioning of the viral protein in the 
endosomal membrane which causes release of the endosomal content in the cytoplasm 
(Prchla et al., 1995). Peptides derived from the N-terminal sequence of the influenza virus 
envelope glycoprotein have also been used to induce membrane fusion at acidic pH. The 
addition of the peptides to transferrin- PLL/p I asm id complexes resulted in an increased 
transfection efficiency in vitro (Wagner et al.. 1992b; Plank et al., 1994). 

Other methods for enhancing: the release of plasmids into the cell cytoplasm from 
endosomes, following both non-specific and receptor-mediated gene delivery, have been 
described using synthetic compounds;. Lysosomotropic agents such as chloroquinc, 
monensin, ammonium chloride and JBrcfcldin A have been shown, for example, to enhance 
in vitro gene transfer (Plank et al., 1992; Cotten et al., 1993; Wadhwa er al., 1995). 
Haenslcr and Szoka have successfully enhanced gene transfer in vitr o usinp a synihetic 
amphipathic peptide (GALA) covalently bound through a disulfide bond to the condensing 
carrier, polyamidoaminc dendrimer (Hacnsler and Szoka, 1993). The GALA peptide was 
designed both to destabilize lipid bilaycrs at low pH and to mimic the properties of viral 
fusogenic proteins ^Parenle et at, 1990). 

In order to increase gene delivery efficiency by effecting plasmid release from the 
endosomal compartment, we have synthesized short amphipathic peptides (10-20 amino 
acids) that were added to condensed particles. These peprides were designed to form cc- 
helices at low pH, by protonation of the glutamic acid residues, to expose a hydrophobic 
face comprised of only strongly apolar amino acids and an hydxophilic face mainly 
dominated by the glutamic acid residues. This structural conformation favors the 
partitioning of the amphipathic peptides, or potential clusters of these, into the endosomal 
membrane, thus effecting the release of the endosomal compartment into the cytoplasm. At 
physiological pll, the negative charge of the glutamic acid residues maintain the peptides in 



pH 5.0 
_ — pH 7 A 





120 




100- 


>. 


80 I 




60 J 


a 


40- 




20. 




0 - 




-20- 




0.0 0.1 0.2 i>3 0.4 0.5 0.6 
GM225.1 concentration (mg/ml) 



0.7 



Fig. 4. Hemolytic activity of the GM225.1 peptide at physiological pH (7.4) and 
endosomal pH (5.0) expressed as percent erythrocyte lysis after one hour 
based on 100% for Triton X100. 
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CONCLUDING REMARKS 
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clinical efficacy of any gene, therapy approach has not been definitively shown to date. The 
limitations of actual gene therapy methods have to be faced and research to improve on the 
control of gene location and expression in the patient's body needs to be pursued. Early 
g ne therapy methods, that relied oa the use of viruses or implanted cells t transfer 
therapeutic genes into the body, have not met, in general, their expectations in terms of 
safety and clinical efficacy. Today, there is consequently an increasing interest in 
developing efficient non-viral methods, that can provide for the control of gene location and 
gene function after in vivo administration to padents. TTiese novel approaches have 
progressed to the clinic and offer the potential of safe and effective gene therapy. Many 
advanced drug delivery systems that have been developed during the past several years 
fTomlinson, 1987: Rolland, 1993) are having a direct and positive utility in the development 
of effective non-viral gene delivery systems. 

Controllable, non-viral gene therapy holds great promise for providing products that 
will effectively improve upon the delivery and use of proteins that have poor 
pharmacokinetic profiles. Gene medicines are designed to provide a safe and cost-effective 
treatment for a variety of severe and debilitating diseases, as well as to enhance patient 
compliance as compared to conventional pharmaceutical and biological products. They may 
also enable unique opportunities in the development of novel products that produce 
intracellular proteins. 

Each biological target will require specific gene medicines to control both location 
and function of a gene within the patient's body. The successful development of non-viral 
gene medicines will require a multidisciplinary approach to design advanced synthetic gene 
delivery systems able to self-assemble with plasmid-based gene expression systems. The 
ultimate challenge for gene therapy will be to develop products to be used as 
pharmaceuticals that can gain physician and patient acceptance and compete wkh 
conventional therapies by improving on safety, efficacy, compliance and cost. 
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